INTRODUCTION
Rhizobia are able to establish a symbiosis with a wide variety of legume host plants by inducing the formation of specific plant organs, the nodules. Rhizobia reside inside these nodules and reduce atmospheric nitrogen to ammonia, which is used as a nutrient by the host plant. The rhizobia-legume symbiosis is initiated by a complex and coordinated signal exchange between both partners (Oldroyd 2013) . Rhizobial extracellular compounds, e.g. polysaccharides and secreted proteins, are known to affect symbiosis at different stages (Krishnan et al. 2003; Jones and Walker 2008; Downie 2010; Margaret et al. 2013) . For the secretion of proteins, rhizobia use a number of different secretion systems (Fauvart and Michiels 2008; Downie 2010; Nelson and Sadowsky 2015; Green and Mecsas 2016) . In some rhizobia, a functional type III secretion system (T3SS) was identified (Deakin and Broughton 2009; Staehelin and Krishnan 2015; Deng et al. 2017) . The components of the rhizobial T3SS are encoded in a 30-47 kb gene cluster located either in a symbiotic island on the chromosome or on a symbiotic plasmid (Tampakaki 2014) . The so-called T3SS gene cluster contains about 10 conserved genes coding for core components of the secretion system, and further genes coding for effector proteins and other T3SS-related proteins. The organization and gene content for the structural core components are conserved, while the number and distribution of genes coding for other proteins secreted via the T3SS designated Nops (nodulation outer proteins) are variable (Deakin and Broughton 2009; Tampakaki 2014) . A conserved component of rhizobial T3SS clusters is the regulator gene ttsI, which has a nod box in its promoter. TtsI induces the expression of the T3SS gene cluster in a NodD-and flavonoid-dependent manner. Host plant roots secrete flavonoids, which interact with the rhizobial NodD regulator to activate symbiotic genes with a conserved nod box in promoter regions (Viprey et al. 1998; Perret et al. 1999; Krause, Doerfel and Göttfert 2002; López-Baena et al. 2008) . TtsI binds to a conserved promoter motif, the tts box and induces transcription of downstream genes (Krause, Doerfel and Göttfert 2002; Marie et al. 2004; Wassem et al. 2008; Zehner et al. 2008) . This promoter motif is frequently used for the identification of TtsIregulated genes and for prediction of genes coding for putative effectors in rhizobial genomes (Zehner et al. 2008; Sánchez et al. 2009; Yang et al. 2010; Kimbrel et al. 2013) . Mutational studies revealed that type III secretion plays an important role in defining the host range of rhizobia (Meinhardt et al. 1993; Krishnan et al. 2003; Skorpil et al. 2005) . Furthermore, it was shown that individual T3SS-dependent effectors can affect the interaction with different host plants (Marie et al. 2003; Skorpil et al. 2005; Dai et al. 2008; López-Baena et al. 2008; Okazaki et al. 2010; Wenzel et al. 2010 Wenzel et al. , 2013 Jiménez-Guerrero et al. 2015; Staehelin and Krishnan 2015, 2017) .
Bradyrhizobium diazoefficiens USDA 110 secretes at least 14 proteins into the supernatant of bacterial cultures in a type III secretion-dependent manner (Süβ et al. 2006; Zehner et al. 2008; Hempel et al. 2009 ). The NopE1 and NopE2 proteins of USDA 110 are type III-secreted effector proteins that were shown to be translocated into plant cells (Wenzel et al. 2010; Kimbrel et al. 2013) . The presence and secretion of NopE proteins strongly restricts the nodulation of B. diazoefficiens with Vigna radiata KPS2 (Wenzel et al. 2010) . NopE1 and NopE2 are homologous proteins sharing about 77% sequence identity. Both proteins contain two conserved domains of ∼170 amino acids with non-enzymatic metal ion-inducible autocleavage (MIIA) activity (Wenzel et al. 2010; Schirrmeister et al. 2013) . In this study, we identify a novel family of proteins bearing a single MIIA domain. The autocleavage activity of one such protein with a single MIIA domain from LmjC strain was studied. A mutation was generated in the corresponding gene of LmjC and its ability to nodulate different legumes was examined.
MATERIALS AND METHODS

Bacterial strains, plasmids and culture conditions
The main characteristics of bacterial strains and plasmids used in this work are shown in Table S1 in the online supplementary material. Bradyrhizobium sp. LmjC is an extra-slow-growing strain isolated from Lupinus mariae-josephae (Sánchez-Cañizares et al. 2011) . The bacteria were grown at 28
• C in yeast mannitol (Vincent 1970 Purification and autocleavage activity of LmjC MdcE protein expressed in E. coli
The mdcE gene sequence from Bradyrhizobium sp. LmjC was amplified by PCR from genomic DNA using Pfu polymerase (Thermo Scientific, Darmstadt, Germany) and primers MalE mdcE for and strep mdcE rev, which includes an additional strep-tag sequence (Table S3 in the online supplementary material). The fragment was cloned into pMal-c5X (New England Biolabs, Frankfurt am Main, Germany) using NdeI and EcoRI restriction sites (Table S1 ). Cloning resulted in plasmid pMNES.6 encoding the fusion protein consisting of MalE (maltose-binding protein), MdcE and a C-terminal Strep tag II. Plasmid pMNES.6 was transformed into E. coli BL21 (DE3). Induction of expression was performed as described previously (Wenzel et al. 2010) . After induction with IPTG (100 μM), cultures were grown at 30
• C for 4 h. Cell crude extracts were obtained by sonication using high salt TKE buffer (50 mM Tris, 200 mM KCl, 10 mM EDTA, pH 8.0) (Wenzel et al. 2010) . The fusion protein was purified by affinity chromatography with MBPTrap HP columns (GE Healthcare, Freiburg, Germany) using TKE buffer for loading and 10 mM maltose in TKE for elution. The autocleavage activity of the fusion protein was analyzed by incubating the purified protein in TKE buffer with solutions of CaCl 2 , CdCl 2 , CoCl 2 , CuCl 2 , NiCl 2 , MnCl 2 or MgCl 2 (final concentration 25 mM) for 30 min at room temperature. A control protein sample was incubated identically with buffer alone. The reaction was stopped by addition of 100 mM EDTA. All samples were analyzed by SDS-PAGE and gels were stained with Roti-Blue Quick (Carl Roth, Karlsruhe, Germany).
Site-directed mutagenesis of mdcE LmjC
For site-directed mutagenesis of mdcE LmjC , the QuikChange protocol (Agilent, Waldbronn, Germany) was applied using pMNES.6 as template and the primers LmjC-DA-for and LmjC-DA-rev (Table S3). This resulted in a change of aspartic acid residue D 176 to alanine at the cleavage site, generating MdcE LmjC D176A. A new ApaI restriction site was introduced at the site of mutation. The resulting plasmid pMNES.DA was confirmed by sequencing.
Generation of a LmjC mdcE-deleted mutant
DNA fragments from flanking regions of mdcE and a spectinomycin-resistance gene marker were ligated with Gateway technology (ThermoFisher). One fragment, with partial sequence of the 5'-mdcE gene (361 bp) and 351 bp of the upstream sequence, was amplified by PCR with primers MdcE4 (with an EcoRI target at the end) and MdcE3; a second fragment, with the 3' region of mdcE (391 bp) and 247 bp of the downstream sequence, was amplified with primers MdcE1 (also with an EcoRI target at the end) and MdcE2. A third amplicon with a spectinomycin-resistance gene was obtained with primers attB4r-Sp-sF and attB3r-Sp2R from plasmid pHP45 (Prentki and Krisch 1984) . The construct containing the spectinomycin resistance gene and end sequences of MdcE was checked by sequencing, excised with EcoRI and introduced into the pK18mobsacB vector (Schäfer et al. 1994) (Table S1 ). The latter was conjugated to Bradyrhizobium sp. LmjC and colonies with double recombination events were obtained by SacB-based selection (Schäfer et al. 1994) . The mutant was confirmed by Southern blot analysis. Genomic DNA of the wild type and mutant strains were digested with EcoRI and hybridized with a DIG-labeled mdcE probe obtained by PCR amplification using primers mdcE1 and mdcE4. The size of the hybridizing band in the mutant showed an increase in size corresponding to the interposon. Sequences of primers used are in Table S3 .
Plant assays
Seeds were surface-disinfected with diluted bleach as previously reported (Sánchez-Cañizares et al. 2011) and axenically germinated on 1% agar plates. Seedlings were transferred into sterilized Leonard jars containing vermiculite and Jensen's solution. Each jar contained two plants that were grown under bacteriologically controlled conditions for 4-8 weeks, depending on the legume host, 4 weeks for Lupinus angustifolius, 5 weeks for L. cosentinii, L. micranthus, Macroptilium atropurpureum and Lotus corniculatus, 6 weeks for L. luteus and L. mariae-josephae, and 8 weeks for Retama sphaerocarpa. Bacterial suspensions (2 mL,10 8 -10 9 cells mL −1 ) were added to the seedlings. Non-inoculated jars were used as negative nodulation controls. At least three different replicates with four plants per strain and per legume host were performed.
Bioinformatics analyses and accession numbers
Proteins with MIIA domains were identified from Bradyrhizobium sp. genomic sequence drafts obtained in our group using Illumina HiSeq 2000, 500 bp paired-end libraries, 100 bp reads and 7 million reads and from Bradyrhizobium genomes available at NCBI and JGI Databases. Strains and accession numbers for sequences used in this study are listed in Table S2 in the online supplementary material. The two MIIA domain sequences of NopE1 from B. diazoefficiens USDA 110 were used as queries for BLAST sequence searches. Promoter sequence analysis was performed with the program fuzznuc of the EMBOSS package (Rice, Longdenand and Bleasby 2000) . MIIA domains in the deduced proteins were identified by the Motif Scan tool of MyHits (Pagni et al. 2007; Johnson et al. 2008) . Sequences were aligned using CLUSTALW (Thompson, Gibson and Higgins 2002; Larkin et al. 2007 ). Phylogenetic and molecular evolutionary analyses were conducted using MEGA 7 (Kumar, Stecher and Tamura 2016) . The Neighbor-Joining method (Saitou and Nei 1987) was employed to infer the phylogenetic distance and the evolutionary distance was computed using the p-distance method (Nei and Kumar 2000) . Phylogenetic trees were made after 1000 bootstrap replications. Prediction of extracellular localization of proteins was performed with PsortB (Yu et al. 2010) . The accession number of the T3SS of LmjC strain is MG266265.
RESULTS
Identification of MIIA domain coding sequences in the genus Bradyrhizobium
A BLAST search for MIIA domains was performed on protein sequences in rhizobial databases and also in Bradyrhizobium draft genomes obtained in our group. Among the rhizobia, MIIA domains were identified only in strains belonging to the Bradyrhizobium genus. Most of the domains were in proteins similar (>60% identity) to Bradyrhizobium diazoefficiens NopE1 or NopE2. Remarkably, seven proteins, with <20% identity to NopE1 or NopE2, containing only one domain, were identified: six from strains isolated from Lupinus mariae-josephae (Lmj strains) and one, B. elkanii WSM1741, isolated from Rynchosia minima (Fig. 1b, and Fig. S1 and Table S2 in the online supplementary material). These proteins are encoded by genes located within T3SS clusters (see below) and they were designated MdcE (MIIA domaincontaining proteins as NopE).
A representative selection of 35 genes coding for MIIA domains was further analyzed. All of them were preceded by a tts box (Table S4 in the online supplementary material). In all analyzed strains possessing a single gene coding for a protein with a MIIA domain, it was localized inside the predicted T3SS gene cluster (Table S2 ). In contrast, strains isolated from Glycine max have two genes: one, nopE1, is localized inside the T3SS gene cluster, and the second gene, nopE2, is outside of the cluster. In LmjM3, LmjG2 and LmjTa10 strains coding for two proteins containing MIIA domains, both genes are located within the T3SS gene cluster. However, it has to be noted that the localization of the second gene, could not be described in some cases, due to the lack of enough genomic sequence information. The predicted NopE proteins containing two MIIA domains showed an overall sequence identity between 60 and 99%. The second group, formed by proteins containing only one MIIA domain (Fig. 1a) , presented a higher intragroup identity of 83-97%. In contrast, the sequence identity between the two groups of MIIA-containing proteins was very low (15-18%) (Fig. S1) .
The length of MIIA domains was similar in all sequences and spanned between 160 and 175 amino acids. All identified MIIA domains contained the conserved cleavage site motif (GD'PH) previously identified in NopE1 of B. diazoefficiens USDA 110 (Wenzel et al. 2010) . According to the constructed tree, the MIIA domains identified in Bradyrhizobium strains can be classified into four groups (Fig. 2) . The domains originating from proteins with their two MIIA domains grouped consistently with its N-terminal and C-terminal position. The MIIA domains of the designated N-terminal MIIA group (MIIA-N) shared between 76-100% sequence identity. The group of C-terminal MIIA domains could be divided further into two groups. One group (MI-IAC1) contained the C-terminal MIIA domains of NopE1 from B. diazoefficiens USDA 110, B. sp. ORS285, B. sp. WSM1743 and B. japonicum strains, sharing over 81% identity. The other group included the C-terminal MIIA domain of NopE2 (MIIA-C2) from B. diazoefficiens USDA 110, and the sequences identified in several Bradyrhizobium species (Fig. 1b and Fig. 2) . The protein domains of this MIIA-C2 group show over 84% sequence identity. The amino acid sequences of the groups MIIA-C1 and MIIA-C2 shared between 69 and 78% identities. The fourth group of MIIA domains according to the phylogenetic tree originated from the proteins containing only one MIIA domain grouped with only seven sequences sharing 92% sequence identity ( Fig. 1 ; MIIA-S). The single MIIA domain was significantly different from the other described MIIA domains and shared only 18-24% sequence identity with N-and C-terminal MIIA domains. This low sequence similarity raised the question of whether the metal ioninducible autocleavage activity was conserved in this group of MdcE proteins.
Characterization of a MdcE protein with a single MIIA domain
The MdcE protein of B. sp. LmjC is encoded by a 1281 bp gene (accession number KT274200) and is located within the predicted T3SS gene cluster (Fig. S2 in the online supplementary  material) . Upstream of the coding sequence a tts box promoter motif was identified, located 172 nt from the potential translational start site (Table S4 in the online supplementary material). The protein showed low sequence similarity to NopE1 and NopE2 of B. diazoefficiens USDA 110, which was restricted to the MIIA domain. Apart from that MdcE LmjC showed no significant sequence similarity to any characterized protein in the databases. Web applications, EffectiveDB (Eichinger et al. 2015) and BPBAac (Wang et al. 2011) , designed to predict T3SS effectors, were used to analyze LmjC MdcE proteins and NopEs from USDA 110. None of them were predicted to be secreted, although it has been shown experimentally that NopEs from USDA 110 are secreted T3SS-dependent effectors (Süβ et al. 2006) . PsortB analysis predicted an extracellular localization for MdcE LmjC . The MIIA domain (165 amino acids) is in the central part of the protein and shows 28% sequence similarity with both N-terminal and C-terminal MIIA domains of NopE1. The domain identified in MdcE LmjC possesses the conserved cleavage site motif GD'PH (Fig. S1 ). The protein MdcE LmjC was expressed as a recombinant MalE-MdcE-Strep fusion protein (91 kDa) in E. coli. The fusion protein was soluble in the cytoplasm and was purified by affinity chromatography. Autocleavage of the fusion protein was observed when incubated in the presence of Ca 2+ ions, resulting in two fragments with compatible sizes (29 and 62 kDa) predicted from the autocleavage site (GD'PH). The conserved aspartate residue at position 176 in MdcE LmjC was changed to alanine by site-specific mutagenesis of mdcE LmjC . The resulting protein variant MalE-MdcE LmjC (D176A)-Strep was purified and subsequently analysed in the autocleavage assay. The protein showed no autocleavage in the presence of calcium ions (Fig. 3) . In order to test whether autocleavage of MdcE LmjC could be induced by divalent metal ions other than calcium, the purified MalE-MdcE LmjC -Strep protein was incubated with different metal ion solutions (Fig. 4) 
Legume host-range analysis
A previous report showed that NopE proteins from B. diazoefficiens USDA 110 are responsible for a host-specific phenotype (Wenzel et al. 2010) . To test whether MdcE LmjC could influence nodulation, a mdcE-deleted mutant strain was created, and the effect of the mutation on nodule formation was examined on different legume hosts (Table 1) . Effective red nodules were in- duced by both the wild type and the MdcE − mutant on various lupins, namely L. mariae-josephae, L. cosentinii, L. micranthus and R. sphaerocarpa. In contrast, a difference between wild type and mutant strains was observed in three independent biological assays with L. angustifolius and with Macroptilium atropurpureum: while the wild type strain produced white nodules that do not fix nitrogen, the mdcE − mutant strain did not induce any nodules (Table 1 ). The behavior of both strains was also similar with L. luteus (white nodules with some plants) and with Lotus corniculatus (absence of nodules).
DISCUSSION
NopE proteins are T3SS-dependent effectors that contain two unusual autocatalytic domains called MIIA domains first described for B. diazoefficiens USDA 110 (Wenzel et al. 2010; Schirrmeister et al. 2013) . In this work, a new group of proteins, MdcE, with a single MIIA domain has been identified. Proteins with a single MIIA domain were detected only in B. elkanii WSM 1741 and in Bradyrhizobium sp. strains isolated from the endemic plant in Eastern Spain, Lupinus mariae-josephae. Out of 23 Bradyrhizobium strains studied, 12 encoded two proteins containing MIIA domains (Fig. 1b) . In phytopathogenic bacteria, the presence of multiple genes for the same effector family can be frequently observed (Ma et al. 2006; Lewis et al. 2011) . Also in rhizobia, gene duplication and diversification of T3SS-dependent effectors have been described (Tampakaki 2014) . The genome of Sinorhizobium fredii HH103 codes for two NopM effector proteins and for NopP that shares 45% sequence identity with the deduced effector NopI (Jiménez-Guerrero et al. 2017) . In B. diazoefficiens USDA 110 two genes for NopT and NopP, respectively, have been identified (Zehner et al. 2008; Fotiadis et al. 2012) . The homologous effector proteins NopT1 and NopT2 show in vitro cysteine protease activity, but only NopT1 elicits hypersensitivelike responses in plant cells indicating a functional diversification of the effectors (Fotiadis et al. 2012) . In rhizobia, the presence of genes encoding proteins that harbor MIIA domains is restricted to strains belonging to the genus Bradyrhizobium. Interestingly, these genes are likely subjected to T3SS-dependent regulation since all possess a tts box in their putative promoter region. In the genomes of B. japonicum strains analyzed in this study, the genes nopE1 and nopE2 are organized similarly to those in B. diazoefficiens (Süβ et al. 2006; Zehner et al. 2008) . The Bradyrhizobium strains LmjM3, LmjG2, LmjTa10 and WSM 1741 contain two genes encoding proteins with MIIA domain that are localized within conserved gene clusters of T3SSs. The data suggest the presence of two different T3SS gene clusters in the genome of these Bradyrhizobium strains. So far, only in Sinorhizobium sp. was the presence of multiple T3SSs reported (Schmeisser et al. 2009; Sugawara et al. 2013; Vinardell et al. 2015) . In the strains B. sp. th b2, B. sp. ORS285, B. sp. LmjTa10 and B. japonicum USDA 4, USDA 38, USDA 122, USDA 123, USDA 124 and USDA 135, the available sequence information is not sufficient to describe the genomic region around both MIIA domain coding genes. Furthermore, most genome sequences used in this study are still unfinished drafts and additional MIIA domain coding genes might be hidden. Outside rhizobia, proteins containing MIIA domains have been described in a small set of α-, β-, γ -, and δ-proteobacteria (Schirrmeister et al. 2011 (Schirrmeister et al. , 2013 . Interestingly, all these deduced proteins contain only one MIIA domain. The encoding genes were found mostly in conjunction with a predicted T3SS gene cluster (Schirrmeister et al. 2011 (Schirrmeister et al. , 2013 . The similarity of these proteins with the identified MdcE proteins in bradyrhizobia is limited to the length of the MIIA domain although the MIIA domains in these proteins are clearly different from those in the bradyrhizobia. This novel MIIA domain described here for MdcE of strain LmjC contains a functional autocleavage site, which was inactivated by site-directed mutagenesis as was previously observed for the MIIA domains of NopE1 from B. diazoefficiens USDA 110 and VIC 0 01052 from Vibrio coralliilyticus ATCC-BAA450 (Wenzel et al. 2010; Schirrmeister et al. 2013) . Some other proteins possessing metal ion-induced autocleavage activity have been described. The RTX protein FrpC from Neisseria meningitidis does not share significant sequence similarity with MIIA domains, but it shows a similar autocleavage activity that can be induced by calcium ions (Osička et al. 2004) . The induction of the cleavage of FrpC was proposed upon binding of calcium to predicted EF-hand motifs (Osička et al. 2004) . A calcium binding site similar to the one found in EF-hand motifs was predicted also for NopE1 of B. diazoefficiens USDA 110 (Schirrmeister et al. 2011) . In contrast, no obvious calcium binding motif was detected in the sequence of MdcE LmjC . The autocatalytic cleavage of MdcE LmjC can also be induced with Cd 2+ , Mn 2+ and Cu 2+ ions. These findings are similar to the studies on the MIIA domain of VIC 001052 of V. coralliilyticus (Schirrmeister et al. 2013) . Metal ion-induced cleavage could be observed in this MIIAVc domain with Cd 2+ , Mn 2+ and Co 2+ , but not with Cu 2+ (Schirrmeister et al. 2013; Ibe, Schirrmeister and Zehner 2015) . The reason why MIIA domains differ in their autocleavage activity with the tested metal ions is unknown, and may be elucidated when information on the structure of the proteins bearing the MIIA domains and the metal ion-binding sites are available. The loss of nodulation associated to L. angustifolius and M. atropurpureum observed by the inoculation with the LmjC mdcE − mutant would be consistent with a role of this protein in the definition of the symbiotic host range as has been demonstrated for NopE1 and NopE2 from B. diazoefficiens in the interaction with different legumes (Schirrmeister et al. 2011) . However, we cannot rule out that the mdcE mutant may be affecting the downstream gene, LmjC 7343, separated by 104 bp. The interposon in mdcE could interrupt LmjC 7343 transcription, although there might be some promoter activity in the intergenic region. The distance from Lmj 7343 to the next downstream gene, LmjC 7342, is 241 bp and it likely belongs to a different transcriptional unit.
The existence of proteins bearing single and double MIIA domains increases the diversity of this family of proteins. However, the physiological function(s) of NopE and MdcE proteins are still unknown and further studies are needed to elucidate putative targets of these proteins.
